Space-Time Block Codes (STBC) represent a recent, exciting development in the field of physical layer (PHY) data transmission. By employing more than one antenna at the transmitter, and by properly coding data across the transmit antennas, STBC-equipped PHYs promise increased data rates with minimal decoding complexity at the receiver. This article presents a comprehensive study of how the STBC gains at the PHY translate to significant network performance improvement in 802.11a Wireless LANs. We base our study on a detailed, across-all-layers, simulation of an 802.11a system; we have extended the ns simulator with an implementation of the 802.11a PHY, which allows us to assess the impact of STBC not only at the PHY layer, but at the higher layers as well. An extensive set of simulations illustrates the merits of STBC, and sheds light on how performance can be improved for TCP traffic. Essentially, STBC presents to TCP a "smoother" wireless channel; the latter phenomenon is corroborated by a brief theoretical analysis as well.
I. INTRODUCTION
Recent advances in wireless communications promise increased data rates for Wireless LANs.
Architectures such as the IEEE 802.11a specify data rates as high as 54Mbit/s, and lay the foundation for an entire new suite of applications. For example, there is ongoing research activity on delivery of high-quality multimedia in a home-networking environment, advanced collaboration tools in office environments, and, ultimately, the creation of a wireless link as fast and reliable as an early-90's wired link.
Undoubtedly, there are a lot of research issues that need to be addressed before such an ultimate goal is realized. A huge challenge is imposed by the adverse nature of the wireless channel.
Wireless channels are susceptible to frequency selectivity (which arises from multipath propagation), time selectivity (which arises from movement of the communicating nodes), and exhibit bit error rates (BERs) orders of magnitude higher than those in wired links. The wireless channel impairments not only affect PHY performance, but their effect reverberates across all higher layers. For example, TCP performance deteriorates in the event of lost packets, and fair-queuing scheduling algorithms need to be modified in wireless set-ups (see, e.g., [1] ).
Indeed there have been intense research efforts to mitigate the deleterious effects of the wireless channel (e.g., by developing proxy agents). However, intuitively, it seems that instead of working around the defects of the wireless channel, an alternative more effective approach would be to make the wireless channel appear "smoother" to higher layers. This is exactly one of the goals of transmit/receive PHY diversity, which builds upon the apparently intuitive fact that Instead of coping with only one "bad" wireless channel, perhaps it is better to create many "bad" wireless channels, and then combine these "bad" wireless links so as to make out of them one "good" wireless channel.
Behind this simple statement, there is more than meets the eye, and there is an extensive body of pertinent work in the Communications-Information Theory literature. From a high-level viewpoint, each bad wireless channel of the aforementioned quote corresponds to a (transmit-antenna, receive-antenna) pair. For example, if the transmitter node has two antennas, then the data packets travel to the receiver over two different channels -if they are properly combined, the probability that data packets get lost becomes much smaller.
A special form of transmit/receive PHY diversity are Space Time Block Codes (STBC). STBC combine elegantly techniques from Coding Theory, Matrix Algebra, and Signal Processing to yield transmit/receive diversity gains with minimum computational complexity [2] . Since their invention, STBC have sparked a wide interest in the Communications-Information Theory community, because they promise a significant PHY performance improvement which can potentially increase the data rates in wireless communications [3] .
In this work, we set out to investigate the impact of STBC on 802.11a Wireless LANs, and along the way we make two important contributions ¢ First, we simulate the 802.11a PHY and compare it to an "STBC-enhanced" 802.11a PHY, so as to quantify the improvements at the PHY BER and the link layer throughput -our results clearly illustrate the improvements STBC yield.
¢ Second, we incorporate the PHY implementation into the ns simulator -extending the ns with an accurate 802.11a PHY model allows us to quantify the impact of STBC at higher layers as well.
At first sight, it appears to be obvious that a method (such as STBC) which improves PHY performance will eventually have a positive impact on the overall network performance. However, there are several reasons which make the STBC impact on 802.11a an issue that warrants thorough investigation. Among them are the following questions:
1. STBC is a PHY technique, and the 802.11 standard was designed in such a way that the PHY is independent from the MAC [4, pg. 149] . How do PHY improvements reflect on the network performance?
2. There is a complex interaction between PHY, link layer, MAC, and TCP. For example:
(a) Retransmissions at the link layer may be used so as to conceal PHY errors from TCP. If the PHY errors are reduced because of STBC, will the TCP throughput significantly increase?
(b) In heavily-loaded scenarios, packet collisions are known to be the limiting performance factor -will STBC improve performance in such scenarios?
The main point that we attempt to raise in this paper is that though STBC is a PHY technique, its effects can be traced both at the link layer, and at the TCP. In order to raise this point, we employ a comprehensive, across-the-layers study: we start by looking at the PHY, then at the link-layer, and finally at the MAC and TCP (we will shortly see how STBC significantly improves the performance at all layers). Unfortunately, due to space limitations, in the ensuing discussion at some points we have to sacrifice depth to breadth of coverage. PHY, MAC, and TCP are important research areas per se, but, in order to describe our comprehensive, acrosslayers study we cannot go thoroughly over all the technical details. However, we do try to explicitly state our modeling assumptions so as to delineate the accuracy of our approach and facilitate potential replication of our results.
The rest of this paper is structured is follows: in Section II we provide a brief overview of the 802.11 MAC, the 802.11a PHY, and we discuss how the 802.11a PHY may be enhanced with STBC. In Section III we describe our integrated approach to network simulation: we provide some details about the PHY simulation, and the extensions to the ns. In Section IV we present our PHY simulation results, and present a theoretical analysis on the impact of STBC on the link layer throughput. In Section V we investigate how the PHY and link-layer improvements improve the TCP performance in unloaded, and mildly loaded network scenarios. Finally, Section VI concludes the paper.
II. MODEL DESCRIPTION
Let us start by briefly revisiting the 802.11 MAC, the 802.11a PHY, and how STBC can be incorporated into the 802.11a.
A. 802.11 MAC
Complete details about the 802.11 MAC standard can be found in the draft standard [4] or in tutorial articles, e.g., [5] . In this section we overview some of the main characteristics of the 802.11 MAC with an emphasis on the points relevant to our simulation studies. We note that "the architecture of the IEEE 802.11 MAC is intended to be PHY independent" [4, pg. 149 Though details can be found in the standard, herein we highlight aspects of the PHY that are directly related to our study. 802.11a supports a "data payload communication capability" of 6, 9, 12, 18, 24, 36, 48, and 54Mbit/s. These transmission rates are obtained by varying the modulation type or the channel encoding rates: these are depicted on Table I (corresponding to [7, Table 78 ]). For our study, we need to emphasize the term "data payload" and point out the fact that the actual data throughput is a function of both the transmission mode and the channel conditions. For example, the 6Mbit/s mode is more robust to adverse channel conditions (such as noise, interference, and severe multipath) than the 24 Mbit/s mode: consequently, the 6Mbit/s can be actually faster than the 24Mbit/s mode because of potentially fewer lost packets
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. This relationship between transmission rate at the PHY and link-layer throughput is well-established -it is also clearly illustrated in our simulation results of Section IV, and it has a fundamental impact on how the system should be optimized for data throughput maximization.
Of interest to the ensuing discussion of how STBC improves performance are the measures that the 802.11a PHY takes so as to combat harsh fading channel conditions. As specified in [7, pg. 54] , before the data symbols are transmitted, the following operations are applied to the binary data stream:
1. scrambling, which removes spectral lines from the data stream 2. encoding with the "industry standard" rate 1/2 convolutional code with generator polynomials
. puncturing (which depends on the transmission mode)
4. interleaving, which is done in two steps. In the first step, consecutive coded bits are mapped to nonadjacent subcarriers; the second step maps consecutive coded bits onto the less and more significant bits of the constellation [7, pg. 17] .
Furthermore, the OFDM transmission becomes more robust with the use of a relatively long cyclic prefix 3 , the insertion of pilot tones, the use of short/long training sequences, and the use of null subcarriers (located at both ends of the transmission spectrum).
Let us now lay down the foundation of our work, by looking at how STBC can be incorporated in the 802.11a PHY.
C. STBC-enhanced 802.11a PHY
As the 802.11 standard clearly dictates that control frames should be understood by all nodes [4, pg. 95] , and, in order not to raise any backward compatibility issues with existing equipment,
$
As it is well known, in a single-hop Wireless LAN environment, packets rarely get lost because of congestion; rather they get lost because of channel errors or collisions.
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In the 802.11a terminology, the cyclic prefix duration is denoted as & ' ) (
, GI stands for "guard interval", and
, where
is the duration of an OFDM symbol [7, pg. 9 ].
we will constrain our development in the transmission/reception of DATA packets only (though our results can be extended without undue complications to CONTROL/MANAGEMENT packets as well). Hence, we assume that once a connection has been established between mobile nodes (or between mobile nodes and the Access Point (AP) 4 ), then STBC may be used to boost the network performance. Naturally, the communicating nodes need to have STBC capabilities: the sender node should have more than one transmit antenna, and the receiver should be able to decode STBC signals. Given power/size limitations of mobile nodes, the nodes with multiple transmit antennas would naturally be the APs. Hence, by equipping the AP with more than one transmit antenna, and using STBC to transmit DATA packets, the quality of the wireless link can be significantly improved. Furthermore, the small decoding complexity of STBC codes [2] makes it possible to enhance the mobile nodes with STBC-decoding capabilities as well.
Such a scheme improves mainly the downlink performance
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. It is certainly envisioned that in many scenarios, downlink will be the bottleneck (e.g., the transmission of a digital movie in a home entertainment system). On the other hand, as hardware costs drop down, it could be the case that it will be economically feasible to manufacture mobile nodes with STBC transmitters.
In the Appendix we provide a short mathematical description of how the 802.11a PHY can be enhanced with STBC. Let us now discuss our approach to simulating 802.11a Wireless LANs while taking into explicit account the PHY.
III. INTEGRATED APPROACH TO NETWORK SIMULATION
A Wireless LAN is quite complicated a system, and an accurate, across-all-layers simulation appears to be a challenging task. In this section, we discuss our simulation approach which consists of two major components: i) the PHY simulation (which produced PHY traces, BER and link-layer throughput plots), and ii) the network layer simulation (which is based on the ns simulator, and the extensions we made to its wireless model).
A. 802.11a STBC-enhanced PHY simulations
We have implemented in MATLAB the 802.11a PHY standard in the discrete time complex baseband equivalent model. As briefly described in the Appendix, we have also enhanced the 8
As we mentioned earlier, in 802.11, the AP could be thought of as the equivalent of a basestation in a cellular architecture.
transmitter/receiver with the Alamouti [8] code, which is the most common member of the STBC codes [2] . To assess the PHY performance, we have used the channels of [9] , which model typical Wireless LAN environments. The BER and link-layer throughput plots of Section IV (produced by Monte-Carlo simulations) depict the universal improvement achieved with STBC for all transmission modes of 802.11a. We underline that the MATLAB PHY implementation does not only produce BER or link-layer throughput curves, but it also generates packet transmission/reconstruction traces, which are fed in the ns simulator. Let us give an illustrative example of what we mean by transmission/reconstruction traces. Though BER plots is a commonly-adopted evaluation tool of PHY performance, at the network layer we are ultimately interested in whether a transmitted packet is received correctly. To assess the performance at the network/transport layer, we simulated the actual transmission of data frames (following the specifications in [7] ). Reference [7, Annex G] presents an example of encoding a data message for the 802.11a PHY. The data message consists of the first 72 characters of the "Ode to Joy", and, quite naturally, the goal is to transmit, receive, and successfully reconstruct the transmitted frame. Table II depicts a representative snapshot of the reconstructed frame for two different channel qualities: at high SNR ("good" channel) the channel convolutional code is capable of correcting all bit errors that might have occurred, and the frame is successfully reconstructed. On the other hand, at relatively low SNR ("bad" channel), many more bit errors occur, the channel convolutional code is not capable of correcting all of them, and the frame cannot be reconstructed. We can see that in both cases, with STBC, the frame goes through without errors
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, whereas under 802.11a the frame was lost in the bad channel. Consequently, it is clear how STBC improves the wireless link quality, and results in significantly @ When more bit errors occur than what the FEC can handle, the CRC check at the receiver marks the frame as "lost".
fewer bit errors -a fact which is further corroborated by the plots of Section IV.
Using the aforementioned 802.11a PHY simulation model, we generated long traces of frame transmissions/reconstructions
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. How these traces were incorporated into the ns simulator is the topic of the next section.
B. ns-Extensions
The wireless components of the ns [10] are primarily the result of the monarch project [11] , [12] at the Carnegie Mellon University. According to the existing ns implementation in the absence of packet collisions, the packet error probability is a function of parameters such as power, node/antenna location, and channel statistics (e.g, Rayleigh or Rician fading). This channel modeling approach attempts to approximate the statistical behavior of the PHY at a low run-time computational cost. However, such an approach does not faithfully capture the characteristics of a specific transmission/reception technique at the PHY -this is why we had to extend the ns simulator in order to bring to the surface the impact of STBC.
Ideally, one would prefer to modify the ns simulator in such a way that whenever a packet was to be transmitted/received over the wireless link, the actual PHY event is simulated in C++
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Unfortunately, this is a rather time-consuming operation, which makes simulations rather long.
Consequently, we opted to extend the WirelessPhy class (which is primarily responsible for the simulation of packet transmission/reception over the wireless channel), so that it can optionally read our MATLAB-PHY generated traces, and base packet-reception decisions upon them. Furthermore, we introduced an ErrorModel-descendant class, which simulates packet error events based on the aforementioned MATLAB-generated traces.
We emphasize that our trace-based approach allows us to simulate the actual wireless transmission/reception in a more faithful way, and enables us to draw conclusions on the impact of STBC on network/transport performance.
C. Assumptions on the simulation set-up
There is a number of assumptions we made in all simulation examples we present. For the PHY layer simulations, we assume perfect channel knowledge at the receiver, and perfect fre- 1 Tx, rate=6 2 Tx, rate=6 1 Tx, rate=9 2 Tx, rate=9 1 Tx, rate=12 2 Tx, rate=12 1 Tx, rate=18 2 Tx, rate=18 quency and timing synchronization. For the MAC simulations, we adopted assumptions similar to those that have appeared in, e.g., [5] : for example we assume that all nodes can hear one another (no hidden terminals).
IV. PHY AND LINK LAYER SIMULATIONS
Our "lower-level" 802.11a simulations consist of two components: the first component is related to the BER improvements due to the STBC-enhancements, while the second is component is related to the (ideal) link-layer improvements that STBC could yield.
A. BER improvements
In order the assess the performance of the 802.11a PHY and the improvements of STBC under a realistic set-up, we used two of the channel models of HiperLAN/2 [9] . The PHY specification of HiperLAN/2 is similar to that of 802.11a, and [9] contains information about channel models which are based on measurements in indoor/outdoor environments. Specifically, channel "A" corresponds to a typical office environment (with no light of sight) , which is modeled as an FIR channel of order C § E D : each of the 9 independent taps of the channel is a complex normal variable (but there is a power profile). Channel "B" corresponds to an office environment with larger delay spread (C § F © ! G ). However, as we set out to demonstrate in this work, the BER improvements at the PHY manifest themselves as a performance-boost at higher layers. Before we discuss the results that we obtained using the ns, let us present some theoretical background.
B. Modeling the ideal PHY throughput performance
We underline that the throughput results we present in Section V were obtained using the frame transmission/reception traces of our PHY simulations. In this section, we provide theoretical intuition to explain the results that we present later on. We look at the case where a mobile node has been assigned (by the AP) a "logical" channel (see also, e.g., [13] and references therein). The user transmits frames of length C I H , which should be recovered without errors at the receiver side. Reliable reception is ensured by a hybrid FEC/ARQ scheme. The FEC is implemented by a rate P channel encoder; as a result, C I H ! P information symbols are contained in every transmitted packet. The stop-and-wait ARQ utilizes an instantaneous, error-free feedback channel. At the receiver side the equalizer produces hard-decisions on the transmitted symbols.
These decisions are fed into the channel decoder which produces estimates of the source symbols: if the decoder cannot recover successfully the transmitted frame, then the frame is retransmitted with probability Q S R . The number of required transmissions until the frame is successfully received is geometrically distributed with average 
Under the assumption that all errors are detected, Q V R is given in terms of the information bit error probability
In our model, the decoder operates on hard-decisions which are provided by the equalizer. If Q V denotes the error probability of these hard-decisions (i.e, Q S denotes the transmitted bit error probability), then the information bit error probability Q can be evaluated using well known techniques for the performance of channel codes in a binary symmetric channel with cross-over probability Q 1 (further details can be found in the Appendix).
As a result, given BER curves (such as Fig. 1 ) a rough estimate of the link layer improvements could be obtained. the physical layer cannot guarantee BER lower than © g , then the rate-1/2 convolutional code offers the highest data throughput. However, once the BER is below © , then the rate-1/2 convolutional code hits the ceiling of 1/2 normalized data throughput. On the other hand, higher rate codes can yield higher throughput once the BER at the physical layer is below © S . Interestingly enough, for higher rate codes, even the slightest improvement at physical layer BER is translated to considerable throughput gains at the network layer (note that figures similar to Fig. 2 have been reported in the past (see, e.g., [14] and references therein) and form the basis of adaptive ARQ systems which attempt to match the code rate to the underlying channel conditions).
These theoretical results are in agreement with throughput curves that we obtained by simulations. Fig. 3 depicts the link-layer throughput under channel "A" conditions There are some interesting observations that can be made from these figures ¢ The link-layer throughput gains with STBC are "universal". In almost all cases, STBCenhanced 802.11a achieves a particular throughput value at a much lower SNR value than the 802.11a (in other words, STBC-enhanced 802.11a can afford worse channel conditions, and still For example, Fig. 3 indicates that without STBC it appears that one should transmit at 6Mbit/s when the SNR is 8dB, whereas with STBC it is possible to transmit almost twice as fast at 12Mbit/s. From this point of view, the impact of STBC on the network performance is rather self-evident.
¢ STBC increase the transmission range and improve robustness of Wireless LANs. Fig. 3 points out that, with space-time coding, a particular throughput value can be achieved over a wider range of SNR. Consequently, not only the transmission range can be increased, but also the robustness of the network (in the events of sudden fading) can be improved. Quantification of the STBC impact on robustness and reliability of 802.11 Networks is an issue that warrants thorough investigation in the future.
Though it is clear that STBC improves link-layer throughput, the question that naturally arises is how these results can be used to predict the performance at higher layers. We will see in the next section that when the link-layer allows retransmission of frames (so as to conceal the event of lost packets from TCP), the TCP performance plots resemble the throughput curves of this section. This perhaps surprising result, is due to the fact that TCP attempts to utilize the available "capacity" of a link: if STBC improve the performance at the link-layer, and catastrophic events (for TCP) are significantly reduced via link-layer retransmissions, then STBC should improve TCP performance as well (at least in the single-user case). This phenomenon is one of the topics explored in the next section.
V. MAC AND NETWORK LAYER SIMULATIONS
The theoretical and simulation-based results of the previous section allude to a potential performance improvement at the network layer. In this section we investigate the performance improvement for both the single and the multiple node/session case. Before we present simulation results, let us briefly discuss the cases where STBC is expected to have an impact on the network performance.
As we revisited in the previous sections, in Wireless LANs the performance drops in the presence of harsh fading channel conditions (which cause frame errors and packet drops). In the single-session case, if the link layer does not attempt to "hide" the frame errors from TCP then, in the presence of frame errors, TCP deteriorates fast, and effectively breaks down when the frame error rate is high enough. In this particular case, STBC is expected to yield an impressive performance improvement: STBC presents to TCP a much "smoother" channel. In Section V-A we see that in extremely harsh channel conditions, STBC result in orders of magnitude network performance improvement.
When the link layer does attempt to hide frame errors from the higher layers (and such is the case in 802.11), assessing the performance improvement induced by STBC becomes a more complicated matter. Link layer techniques do improve TCP performance and effectively decrease the probability that TCP will break down. In such a set-up STBC is expected to improve performance, because i) the number of frame retransmissions at the link layer is reduced, and ii)
TCP will attempt to transmit at a rate equal to the perceived "capacity" of the wireless link.
The situation becomes a little bit more complicated in the presence of many nodes/stations contending for channel access under DCF. Let us assume that the system is moderately loaded, and the underlying physical channels for each of the communicating pairs are independent of each other. Then, even if a node experiences a particularly bad channel (and, as a result, the node backs-off its transmission until the channel is perceived to be good again), there will probably be another node ready to "jump in", and start transmitting. Consequently, one could expect that STBC do not yield a significant performance increase (measured as the aggregate throughput in the system). However, we will see that even in moderately loaded networks, the aggregate throughput is improved with STBC. Finally, even in over-loaded scenarios, where packet collisions at the MAC are the limiting performance factor, STBC still yield network performance improvements.
A. Cases where STBC result in impressive improvements
It is well-known that errors at the wireless physical layer reverberate across layers and have a negative impact on TCP performance (see, [15] , and references therein). Roughly speaking, TCP interprets frame/packet losses as signs of network congestion, and cuts the transmission rate to a half, whenever these error events occur. When the link layer does not "hide" frame errors from TCP, TCP essentially breaks down. In fact, it has been shown in [16] , that "TCP throughput deteriorates significantly whenq f q # q TCP sees a probability of end-to-end loss above a threshold that scales as the inverse square of the bandwidth-delay product." It is also important to point out that STBC do not only shift the TCP breaking-point SNR threshold, but also STBC modify the statistics of the underlying frame-loss events 9 (see, e.g., [18] and references therein about how the statistics of frame losses affect TCP performance). These result illustrate that STBC essentially present to TCP a "smoother" channel, thereby improving the overall network performance.
B. DCF Link-layer: single TCP connection
Let us now introduce the "full" 802.11 protocol stack with DCF as the channel access method, and a link-layer with frame retransmissions. We assume a Wireless LAN with only two nodes active. In the first case, the transmit node has only one antenna and uses the 802.11a PHY, whereas in the second case the transmitter has two antennas and uses the STBC-enhanced 802.11a. Fig. For example, [17] discusses how STBC modify a Rayleigh fading channel to one with a chi-square distribution, which has shorter tails.
6 shows the achievable average throughput as a function of SNR. As it is expected, when the channel quality is sufficiently good, the difference between STBC-802.11a and 802.11a becomes smaller (however, with STBC-802.11a we would be able to switch to a faster transmission mode, as the throughput curves of Section IV-B indicate -this capability was not modeled in the simulation example we just presented). Also, it can be seen that as the number of allowable retransmissions at the link-layer is increased from 1 to 7, the throughput performance also increases.
Nevertheless, the throughput with STBC is still significantly higher than the throughput with only one transmit antenna.
C. DCF Link-layer: multiple simultaneous TCP connections
Let us look at the multiple node case. We assume that many TCP connections (which transfer ftp data -the ftp sources are continuously transmitting) contend for the channel using DCF.
In order to compare the 802.11a, and the STBC-enhanced 802.11a we look at two "extreme" cases: in the first case all nodes use the 802.11a PHY, whereas in the second all nodes have STBC capabilities. Fig. 7 depicts the aggregate throughput under the two schemes. Similar to the previous example, STBC yields network performance improvement throughout the SNR region, but especially at low SNR values. One point which is worth emphasizing is that both Finally, we take a look at a heavily-loaded network scenario: 40 TCP connections which contend for the wireless channel. However, even in this case where many collisions occur, STBC result in improvement of throughput as Fig. 8 illustrates.
VI. CONCLUSIONS
In this paper we have presented an across-layers study of the STBC impact on the network performance in 802.11a Wireless LANs. Building upon an accurate simulation of the 802.11a PHY, we extended the ns simulator so as to investigate how a PHY technique (such as STBC) affects the network throughput. Through an extensive set of simulations, we have found that STBC improve performance at the PHY, link layer and TCP. Essentially STBC presents a "smoother" channel to TCP, a phenomenon which was also corroborated by a brief link-layer theoretical analysis. The results of our work serve as further testament to the potential of STBC as a building block towards faster, more reliable Wireless LANs. Additionally, the tools we developed OFDM In OFDM transmissions, the information symbols are grouped in blocks of size (see, e.g., [19] ), and at the transmitter the IDFT is applied to them: Each column corresponds to an OFDM block duration ("time"), whereas each row holds the symbols to be transmitted by each antenna ("space"): for example, during the second time OFDM block duration, U x i is fed to the IFFT, a cyclic prefix is added, and it is transmitted by the first antenna.
At the receiver, after discarding the cyclic prefix, and taking the FFT, the received symbols in the frequency domain over the two consecutive OFDM block durations are:
